Non-alcoholic fatty liver disease (NAFLD) has been an emerging major health problem, and the most common cause of chronic liver disease in Western countries. Traditionally, liver biopsy has been gold standard method for quantification of hepatic steatosis. However, its invasive nature with potential complication as well as measurement variability are major problem. Thus, various imaging studies have been used for evaluation of hepatic steatosis. Ultrasonography provides fairly good accuracy to detect moderate-to-severe degree hepatic steatosis, but limited accuracy for mild steatosis. Operator-dependency and subjective/qualitative nature of examination are another major drawbacks of ultrasonography. Computed tomography can be considered as an unsuitable imaging modality for evaluation of NAFLD due to potential risk of radiation exposure and limited accuracy in detecting mild steatosis. Both magnetic resonance spectroscopy and magnetic resonance imaging using chemical shift technique provide highly accurate and reproducible diagnostic performance for evaluating NAFLD, and therefore, have been used in many clinical trials as a non-invasive reference of standard method. 
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is defined as the excessive and abnormal intracellular accumulation of lipid in the liver, primarily in the form of triglycerides.
1,2 NAFLD is a broad spectrum of disease, ranging from simple steatosis to non-alcoholic steatohepatitis (NASH), which is characterized by hepatocyte injury, inflammation, and can further progress into more advanced stage of fibrosis/cirrhosis. NASH also increases the risk of liver cancer development as well as death from cardiovascular disease. [3] [4] [5] In addition, when NAFLD is not adequately managed, end-stage liver disease as well as hepatocellular carcinoma (HCC) can eventually be developed, and therefore, liver transplantation might be needed for treatment. [6] [7] [8] Currently, NAFLD has been the most common cause of chronic liver disease, especially in Western countries, and the estimated prevalence of NAFLD is approximately 30% in the general population. 9, 10 NAFLD has been known to be strongly associated with obesity, type 2 diabetes mellitus, dyslipidemia and hypertension, all of that are characteristics of metabolic syndrome, and is considered as hepatic manifestation of metabolic syndrome nowadays. [11] [12] [13] [14] Therefore, NAFLD can be regarded as an emerging major health problem, and early detec-tion and quantitative evaluation of this disease are of crucial importance as early stage of NAFLD is a reversible process, and adequate management of NAFLD in early stage can prevent from progression into more advanced stages including cirrhosis. Traditionally, liver biopsy has been the gold standard method for the diagnosis and quantification of hepatic steatosis, and the only reliable method for differentiating NASH from simple steatosis. 15, 16 However, liver biopsy is an invasive procedure with its own complication such as bleeding as well as procedure related mortality although the morality rate associated with liver biopsy is quite low. Small sample volume of liver parenchyma and reproducibility of assessment among the different pathologists could be another limitation of liver biopsy. Moreover, due to the invasive nature and its potential complication, repeated liver biopsy for monitoring of NAFLD can hardly be possible during the disease course. Therefore, there has been an urgent need to develop reliable non-invasive method for quantitative assessment of NAFLD. Currently, various imaging modalities including ultrasonography (US), computed tomography (CT), magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) have been used to evaluate NAFLD, and each imaging modality has its own pros and cons. In this review, currently used imaging modalities to evaluate NAFLD will be discussed, especially focused on the quantification.
US
US has several merits over other imaging modalities including CT and MR: US is widely available, and there is no need of radiation exposure in doing US examination. Therefore, US has been widely used as primary imaging modality for the evaluation of liver disease. Evaluation of hepatic steatosis using US is based on the echo change in hepatic parenchyma. As intracellular accumulation of fat vacuoles reflect the ultrasound beam, hepatic steatosis appears as a diffuse increased hepatic parenchymal echogenicity, or "bright liver" on US. 16 When liver parenchymal echogenicity is higher than kidney cortex echogenicity, hepatic steatosis is suspected. The assessment of hepatic steatosis using US is typically qualitative nature, and degree of hepatic steatosis is usually determined by the result of visual assessment of hepatic parenchymal echogenicity comparing to the kidney cortex echo, assessment of the degree of ultrasound beam penetration into the deep portion of the liver, and the clarity of blood vessel wall structures in the liver (Fig. 1 ). The degree of hepatic steatosis is usually graded using four-point scale: normal (grade 0), mild (grade 1), moderate (grade 2) and severe (grade 3). [17] [18] [19] The diagnostic accuracy of US in detecting hepatic steatosis has varied among the different studies, and depends on the exact definition of hepatic steatosis. The presence of concomitant chronic liver disease and fibrosis can also affect the diagnostic performance of US to detect hepatic steatosis, as hepatic fibrosis might also increase the hepatic parenchymal echogenicity. 16, 20 US can provides a fair accuracy of detecting the moderate to severe hepatic steatosis (i.e., equal to or more than grade 2 steatosis) with reported sensitivity of about 90% and specificity of about 95% for patients without concomitant chronic liver disease. 17, 18 However, regarding the all degree of hepatic steatosis including mild degree, US is not an accurate diagnostic method, and the reported sensitivity and specificity for detecting mild degree hepatic steatosis were ranged from 55.3% to 66.6%, and 77.0% to 93.1%, respectively. 18, 19, 21, 22 Limited diagnostic accuracy for detecting mild degree hepatic steatosis is one of main limitation of US for the evaluation of NAFLD. In addition to limited diagnostic accuracy of detecting mild degree steatosis, qualitative assessment and subjective nature of examination with substantial intra-and inter-observer variability are another major drawbacks of US. The reported intra-and inter-observer agreement were 54.7-67.9% and 47.0-63.7%, respectively, when evaluating the degree of hepatic steatosis with the use of four-point visual grading scale. 23 In addition, the current fourpoint grading scale system might be too simplistic for quantification of hepatic steatosis even though this grading system is currently the most widely used system to evaluate hepatic steatosis in clinical practice.
To overcome aforementioned limitations of US and improve the diagnostic accuracy for evaluating hepatic steatosis, several amendments of US technique have been developed and introduced. One of these amendments is computer-assisted quantitative analysis of ultrasound beam echo amplitude, attenuation and/or texture information. 24, 25 Among them, computerized calculation of hepatorenal ratio which is defined as the ratio of the echo intensities of the liver parenchyma and renal cortex has been suggested an accurate method for quantification of hepatic steatosis with the reported accuracy above 90%. [26] [27] [28] However, whether hepatorenal ratio is sufficient for the quantitative assessment of hepatic steatosis still remains questionable, 29 and several studies have been reported that additional process such as standardization or artificial neural network would be needed to obtain sufficient diagnostic accuracy of the hepatorenal ratio for the quantification of hepatic steatosis. 28, 30 In addition, post-processing step after acquisition of US images is inevitably needed to obtain the value of hepatorenal ratio. Recently, acoustic structure quantification (ASQ) which analyses echo amplitude of ultrasound beam and evaluates changes in variance within region of interests has been introduced in clinical practice, and used for the evaluation of diffuse liver disease. Several initial studies using ASQ reported very promising diagnostic accuracy for assessing hepatic steatosis quantitatively both animal and human studies. larger skin capsular distance could be a significant affecting factor for obtaining CAP value. 41 Considering NAFLD is usually associated with obesity as a manifestation of metabolic syndrome, failure to obtain CAP values in obese patients could be an important limitation of this technique. In summary, US has been used for screening of NAFLD in patients at risk as US is widely available, and there is no need of radiation exposure. Indeed, US can provide fairly good diagnostic accuracy for detecting moderate to severe degree hepatic steatosis. However, limited accuracy for detecting mild degree hepatic steatosis and qualitative, subjective nature of examination with intra-, inter-observer variability are major drawbacks of US. To overcome these limitations, several quantitative parameters obtained from US examination including hepatorenal ratio, ASQ and CAP have been developed, and reported promising results. However, these newly developed quantitative US techniques require further clinical validation.
CT
Assessment of hepatic steatosis using CT is based on the measurement of attenuation value of liver parenchyma, expressed as Hounsfield units (HU). Because attenuation value of fat, usually about -100 HU, is much lower than that of soft tissue usually about 30-40 HU, attenuation value of liver parenchyma decreases as hepatic steatosis develops and progresses. Even though several studies reported that contrast enhanced portal venous CT images could be used for the evaluation of hepatic steatosis providing http://www.e-cmh.org https://doi.org/10.3350/cmh.2017.0042
comparable diagnostic accuracy to unenhanced CT scan 42, 43 , it would be better to use unenhanced CT scan to assess hepatic steatosis as different injection protocol and scan delay can affect attenuation value of liver parenchyma after contrast injection. The measured absolute attenuation value of liver parenchyma on unenhanced CT scan has been known to show a strong correlation with the degree of hepatic steatosis seen on histopathologic examination. However, different CT scanners from different vendors as well as different reconstruction algorithm can affect the absolute attenuation value of liver parenchyma on unenhanced CT scan, and therefore, simple measurement of attenuation value of liver parenchyma on unenhanced CT scan has not been widely used for the assessment of hepatic steatosis. 44, 45 Instead of absolute attenuation value of liver parenchyma on unenhanced CT scan, attenuation difference between liver and spleen (CT L-S ) on unenhanced CT scan has been the most commonly used quantitative parameter to evaluate hepatic steatosis as potential errors in attenuation value measurement from different CT scanners and different reconstruction algorithm can be avoided by using spleen attenuation as an internal control 16 ( Fig. 2) . Generally, attenuation value of normal liver parenchyma on unenhanced CT scan is slightly higher than that of spleen. As hepatic steatosis progresses, attenuation value of liver parenchyma decreases, and therefore, CT L-S also decreases. CT L-S has been known to provide fairly accurate diagnostic performance to detect moderate to severe degree hepatic steatosis, and the reported specificity and sensitivity were 100% and 82%, respectively, when cut-off value of CT L-S to detect moderate to severe degree hepatic steatosis was set at -9. 18 The cut-off CT L-S value to detect moderate to severe degree hepatic steatosis has been varied among the different studies, but is usually around the -10. However, regarding the detection of mild degree hepatic steatosis, CT L-S is not an accurate method, and the limited diagnostic accuracy for detecting mild degree hepatic steatosis is one of major drawback of CT, together with the use of radiation. Beside hepatic steatosis, several factors can also affect the attenuation value of liver parenchyma on unenhanced CT scan. Presence of excessive iron in liver parenchyma in cases of hemochromatosis or hemosiderosis increases the attenuation value of liver parenchyma on unenhanced CT scan. Ingestion of several drugs including amiodarone which contains iodine and accumulates in the liver can also increase the attenuation value of liver parenchyma on unenhanced CT scan. [45] [46] [47] Dual energy CT (DECT) which uses two different energy levels can differentiate among several chemical compositions including fat within the tissues, and therefore, has a potential to provide better diagnostic performance to detect hepatic steatosis compared to conventional single energy CT. However, an animal study using DECT reported similar diagnostic performance of DECT to detect hepatic steatosis to that of single energy CT, and failed to prove theoretical advantage of DECT for evaluating hepatic steatosis. 48 Indeed, a human study using DECT for the evaluation of hepatic steatosis reported similar result.
49
Owing to the limited accuracy of CT to detect mild degree hepatic steatosis and to the potential hazard of radiation exposure, CT can be regarded as an unsuitable imaging modality for the evaluation of NAFLD. However, CT may be useful for assessing (Fig. 3) . 16 Regarding the liver parenchyma, most of protons are contained in the water and fat, and therefore, most of identifiable peaks on MRS of the liver are originated from water and fat protons. Water proton peak appears as a single peak at 4.7 ppm, and fat protons as multiple peaks owing to the various chemical bonds between the protons and adjacent atoms in fat (Fig. 3) . Thus, fat detection using MRS is straightforward in principle, and requires only the detection of spectral peaks at certain frequencies corresponding to the protons in fat. 54 The signal intensities of fat and water peaks arising from voxel of interest can directly be measured by the spectral tracing of each peak, and thereby, proton density fat fraction (PDFF) can be calculated as the ratio of the sum of the signal intensities derived from the protons in fat divided by the sum of the signal intensities originated from the protons in both fat and water. 16 For the quantification of hepatic steatosis, MRS data are usually obtained from a single voxel, typically 2 cm x 2 cm x 2 cm to 3 cm x 3 cm x 3 cm in size, manually placed in the liver parenchyma usually right posterior segment of the liver, after the acquisition of 3-plane localizing images (Fig. 3) . Shimming process is mandatory to obtain a homogenous magnetic field across the voxel, which enables more accurate measurement of signal intensities from water and fat protons, and inevitably needs some times. As MRS for the evaluation of hepatic steatosis measures signals from abundant protons in water and fat within the liver tissue, the signals intensities from water and fat protons in the liver are usually large, and therefore, MRS acquisition of the liver can successfully be done with a single acquisition. 54 As single acquisition of MRS of the liver can be obtained in a short time during a single breath-hold, problems arising from respiratory motion can effectively be avoided, and this single breath-hold MRS for the liver has been the preferred method for the evaluation of hepatic steatosis nowadays in clinical practice. [55] [56] [57] Even though the principle of MRS to quantify hepatic steatosis is straightforward, there have also been biases in MRS acquisition. T1 and T2-relaxation effects are well known biases of MRS to evaluate hepatic steatosis. To overcome and minimize T1-relaxation effect, a long repetition time (TR) can be used. In addition, multi-echo MRS can correct T2 relaxation effect by using the multiple data obtained from different echo times (TE), and are typically acquired within a single breath-hold. 58, 59 These advances in MRS technology enable more accurate quantification of hepatic steatosis.
There have been many studies reporting the excellent diagnostic performance of MRS to detect and grade the hepatic steatosis. 55, [60] [61] [62] Regarding the detection of mild degree steatosis which is a limitation for both US and CT, reported MRS sensitivities and specificities were 80.0-91.0% and 80.2-87.0%, respectively, and outperformed CT and US. 18, 19 MRS can also provide excellent reproducibility of measurement, and changes in the standard deviation of PDFF values over repeated measurement were less than 1% for MRS. 63 Even though histopathologic examination has been considered as gold standard method to diagnose and quantify hepatic steatosis, several studies assessing the accurate fat content in the liver samples by using either biochemical lipid assays or computerized analysis of microscopic images showed that PDFF obtained from MRS was better correlated with actual fat content, compared to the histopathologic assessment of hepatic steatosis done by pathologists. [64] [65] [66] In addition, contrast to the MRS which can provide excellent measurement reproducibility, subjective nature with large intra-and inter-observer variability of histopathologic examination among the different pathologists could be another major problem of liver biopsy in the quantitative evaluation of hepatic steatosis, along with the invasive nature and potential of complications. 67 Therefore, MRS has been considered as an alternative reference of standard method to liver biopsy for diagnosing and grading hepatic steatosis, and has been used in many clinical trial needing the quantitative assessment of hepatic steatosis. [68] [69] [70] [71] In addition, several studies reported that PDFF obtained from MRS could reflect efficacy of therapeutic interventions for patients with NAFLD, and might be used as an imaging biomarker to evaluate the changes in amount of fat in the liver. 69 3 cm x 3cm x 3cm in size, and this small sample volume may be problematic in patients with uneven fatty change. In summary, MRS has straightforward principle to measure hepatic steatosis, and therefore, provides excellent diagnostic performance for quantitative assessment of hepatic steatosis with high reproducibility of measurement. In addition, MRS is non-invasive method, and there is no need of radiation exposure. Therefore, currently, MRS has been regarded as non-invasive reference of standard method to diagnose and quantify hepatic steatosis.
MRI
Several different methods have been developed and introduced in MRI for the evaluation of hepatic steatosis: chemical-shift imaging (CSI); spectral fat saturation; and fat-selective excitation approaches. 74, 75 Among them, CSI has been the most widely used method for evaluation of hepatic steatosis using MRI due to its easy applicability as well as to higher accuracy compared to other techniques. In contrast to MRS which can directly measure signal intensities from the certain chemical composition within tissue including protons in water and fat at the corresponding locations on frequency domains, MRI shows the signal intensity as the vector sum of all signals from all kind of chemical compositions in an image pixel, including protons in water and fat. 16 As most of protons in the liver tissue are contained in water and fat, most of signal intensities from the liver appeared on MRI are originated from protons in water and fat. Chemical shift refers to the difference in resonance frequency between two proton signals, expressed in parts per million (ppm) of the resonance frequency of the static magnetic field B 0 . 54 In MRI examination, protons in both water and fat are excited after the application of non-selective radiofre- , water protons and fat protons are placed in opposite direction, and therefore, measured signal intensity at OP is the absolute value of difference between signal intensity from water protons and that from fat protons. (B) At in phase (IP), water protons and fat protons are placed in the same direction, and therefore, measured signal intensity at IP is the sum of signal intensity from water protons and fat protons. Using the signal intensity difference between OP and IP, signal intensity from fat protons can be calculated, and thus proton density fat fraction can be estimated. MRI, magnetic resonance imaging.
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http://www.e-cmh.org https://doi.org/10.3350/cmh.2017.0042 quency pulse, and generate signal intensity used for making image. However, the protons in water precess faster than the protons in fat by about 3.5 ppm. 54 Therefore, the protons in fat and water oscillate with regular interval and are positioned in opposed phase (OP) or in phase (IP) at certain TEs, 16 and CSI uses this resonance frequency difference between protons in water and fat to separate signals originated from protons in fat from that originated from protons in water. Field strength affects value of TEs for OP and IP. For example, at 1.5 T MR unit, TE for first OP and IP is 2.3 milliseconds (ms) and 4.6 ms, respectively, and repeats at multiples of 4.6 ms after their first occurrence. 16 At IP, signals from protons in fat add to the signals from protons in water. However, at OP, signals from protons in fat are subtracted from the signal from protons in water. Therefore, the amount of signal intensity from protons in fat can be calculated by using the difference between signal intensity in IP and that in OP (Fig. 4 ). After Dixon firstly described this approach, 76 dual echo CSI technique which uses a pair of OP and IP images has been widely used for quantitative assessment of hepatic steatosis in clinical practice. However, there are several biases in dual echo CSI technique for the quantification of hepatic steatosis which can results in measurement error, and T1-and T2*-relaxation effects are well known biases for quantification of hepatic steatosis using dual echo CSI. T1 relaxation time of proton in water is different from that of proton in fat, and this difference in T1 relaxation time between water proton and fat proton can affect the signal intensity of IP and OP images, in addition to proton densities of fat and water. The use of low flip angle can minimize T1 relaxation effect, and enables more accurate quantification of hepatic steatosis using CSI. As value of TEs for IP is longer than that for OP, T2*-related signal decay during the interval of OP and IP also affects the difference in signal intensity between OP and IP, leading to inaccurate quantification of hepatic steatosis, especially in the presence of iron in the liver which markedly enhances T2*-related decay. 77, 78 To overcome T2*-relaxation effects, multiple echo acquisitions method usually using six echoes to correct T2*-related signal decay during the multiple OP and IP has been developed and introduced. In addition, this multiple echo approach can also be used for the calculation of T2* time of the liver which has been known to be correlated with the total liver iron content. These T1-independent, T2*-corrected multi-echo CSI enables unbiased fat quantification, and has been the most widely used MRI method for the quantification of hepatic steatosis. 59, 63, 79, 80 Recently, an algorithm for accurate fat spectral modeling method which can reflect complex composition of protons in fat has been developed and implemented in the T1-independent T2*-corrected multi-echo CSI technique. This spectral fat modeling is based on the complex chemical composition of fat protons showing multiple peaks with slightly different resonance frequencies, and the signal intensities on OP and IP images are calculated from the signal interferences among the water proton and protons in multiple fat peaks. As this spectral fat modeling can reflect actual complex chemical composition of fat protons for obtaining accurate signal intensity from fat and water protons, more precise fat quantification can be possible. After the introduction of CSI technique in MRI for the quantification of hepatic steatosis, many of studies to validate this technique have been performed. For this validation studies, MRS has usually been chosen as the reference of standard method to diagnose and quantify hepatic steatosis as MRS estimates the PDFF by direct measuring the signal intensities from fat protons and water protons, whereas CSI technique calculates the PDFF indirectly from the signal intensity difference between OP and IP resulting from signal interference between water and fat proton, and therefore, MRS has been regarded as more accurate method for hepatic fat quantification than CSI. The results of validation studies have shown that PDFF calculated from T1-independent, T2*-corrected multi-echo CSI with spectral fat modeling algorithms showed the most perfect agreement with the estimated PDFF using MRS. 56, [81] [82] [83] When compared to MRS, CSI technique has a potential merit for hepatic fat quantification. CSI technique can cover the entire liver, and therefore, CSI derived PDFF might accurately reflect the exact degree of hepatic steatosis even in case of uneven fatty change which is potential limitation of MRS having small sample volume. Potential limitation of CSI is dynamic range of PDFF. As CSI techniques utilize only the signal intensity information on OP and IP image without phase information, they cannot differentiate fat-dominant tissue from water-dominant tissue. For example, signal intensities of OP and IP images are actually almost the same for tissues containing 20% and 80% fat, as absolute value of signal difference in these two tissues with difference fat content is the same. Therefore, the dynamic range of CSI-derived PDFF is ranged from 0% to 50%. However, in human liver tissue, it is hardly possible to contain more than 50% of fat protons compared to total protons, and thus this potential limitation of CSI technique might not be problematic in routine clinical practice.
CONCLUSION
NAFLD having potential to progress into more advanced stage https://doi.org/10.3350/cmh.2017.0042
of fibrosis/cirrhosis has been the most common cause of chronic liver disease in Western counties, and the incidence of NAFLD has been known to be increasing. NAFLD is strongly associated with metabolic syndrome characterized by concomitant existence of obesity, diabetes mellitus, dyslipidemia and hypertension. Therefore, NAFLD can be considered as emerging major health problem. Traditionally, liver biopsy with histopathologic examination has been the gold standard method to diagnose and quantify hepatic steatosis. However, invasive nature with potential complication, small sample volume of biopsy specimen as well as high variability in measurement among the pathologists are major drawbacks of liver biopsy, and therefore, liver biopsy cannot be widely used for the evaluation of NAFLD. US which is widely available non-invasive imaging modality with no need of radiation exposure has been used for the screening of NAFLD for patients at risk, providing fairly good diagnostic accuracy to detect moderate to severe degree hepatic steatosis. However, limited diagnostic performances to detect mild degree hepatic steatosis and subjective nature examination with high intra-and inter-observer variability are major limitations of US. To overcome these limitations, several quantitative method using US images including hepatorenal ratio, ASQ and CAP have been implemented, showing promising results. However, these newly developed US quantitative methods require further clinical validation. Unenhanced CT scan can confidently detect moderate to severe degree hepatic steatosis. However, owing to potential risk of ionized radiation and to the limited accuracy to detect mild degree hepatic steatosis, CT can be considered as an unsuitable imaging modality for the evaluation of NAFLD, except specific clinical situation such as evaluation of living liver donor candidate. MRS and T1-independent, T2*-corrected multi-echo CSI with spectral fat modeling algorithms of MRI provide the PDFF, and both MRS and T2*-corrected multi-echo CSI with spectral fat modeling algorithms derived PDFF are highly accurate and reproducible for diagnosis and quantification of hepatic steatosis. Therefore, both MRS and T1-independent, T2*-corrected multi-echo CSI with spectral fat modeling algorithms of MRI have been considered as alternative reference of standard method for quantification of hepatic steatosis to liver biopsy, and many of clinical trials requiring quantitative assessment of hepatic steatosis use MRS and MRI based fat quantification method nowadays. However, limited availability of MR unit, especially compared to US, high cost of examination might be potential limitation of MRS and MRI based fat quantification method. Therefore, both physicians and radiologists managing the NAFLD patients should know the pros and cons of each imaging modality for quantitative evaluation of NAFLD, and select proper method for each patient.
